We have recently cloned Xenopus dicalcin, an S100-like calcium-binding protein, in Xenopus eggs (12). S100 proteins form a family of small (10-14 kDa) calcium-binding proteins that regulate various extraand intra-cellular activities (13, 14) . The primary structure of dicalcin consists of two S100-like regions connected by a linker region, which features this protein as a "dimer form of S100 calcium- -bound form of dicalcin interacts with several ciliary proteins including annexins and β-adrenergic receptor kinase-like protein (16, 17) . Dicalcin shows no enzymatic activities by itself and instead, through interactions with these intracellular target proteins, it may serve to ciliary function(s) of olfactory neurons such as chemosensory signaling and/or ciliary membrane repair. After the original identification, however, this protein was also found in other tissues including egg (12). The objectives of this study were to examine whether dicalcin regulates some reproductive functions including fertilization and to identify molecular mechanisms for dicalcin's action.
), both of which are located within ZP domain (residues 13-274) (9, 10) . Based on mass spectrometrical analyses using enzyme-digested peptides, some structures of N-linked VE oligosaccharides are proposed (11) . However, it remains elusive how oligosaccharides of gp41 function to establish proper sperm-egg interactions.
We have recently cloned Xenopus dicalcin, an S100-like calcium-binding protein, in Xenopus eggs (12) . S100 proteins form a family of small (10-14 kDa) calcium-binding proteins that regulate various extraand intra-cellular activities (13, 14) . The primary structure of dicalcin consists of two S100-like regions connected by a linker region, which features this protein as a "dimer form of S100 calciumbinding protein". Dicalcin was originally identified in frog (Rana catesbeiana) olfactory cilia as an intracellularly expressed Ca
2+
-binding protein (15) .
Ca

2+
-bound form of dicalcin interacts with several ciliary proteins including annexins and β-adrenergic receptor kinase-like protein (16, 17) . Dicalcin shows no enzymatic activities by itself and instead, through interactions with these intracellular target proteins, it may serve to ciliary function(s) of olfactory neurons such as chemosensory signaling and/or ciliary membrane repair. After the original identification, however, this protein was also found in other tissues including egg (12) . The objectives of this study were to examine whether dicalcin regulates some reproductive functions including fertilization and to identify molecular mechanisms for dicalcin's action.
We here characterized Xenopus dicalcin in egg and revealed its crucial role in sperm-egg interaction during fertilization.
EXPERIMENTAL PROCEDURES
Expression of dicalcin in E.coli-The coding region of dicalcin was PCR-amplified, ligated with pET-3a (Novagen, EMD, Darmstadt, Germany) and subsequently introduced into E.coli BL21 pLysS (Novagen). Recombinant dicalcin was expressed and purified according to procedures as described previously (15) .
Ca blot analysis-
45
Ca blot analysis was performed as described previously (16) . Recombinant dicalcin and molecular size markers (Bio-Rad, Hercules, CA) (~6 µg each) were electrophoresed and transferred onto a PVDF membrane (Immobilon, Millipore, Billerica, MA). Blots on the membrane were soaked in a Tris-buffered saline (TBS; 100 mM Tris-HCl, 154 mM NaCl; pH 7.5) under 1mM 45 CaCl 2 (5.9 x   10 12 Bq/mmol). After blots were washed with 50% methanol and then dried, bound 45 Ca was detected with BAS2000 (Fuji Film, Tokyo, Japan).
Ca
2+
-binding studies-To measure the stoichiometry of Ca
-binding to dicalcin, we performed flow dialysis experiments as previously described (18) .
Briefly, we incubated dicalcin (final concentration; 10 µM) in a Tris buffer (100 mM KCl and 20 mM ). Anti-dicalcin antibody against purified recombinant dicalcin was raised in a rabbit. After washing, blots were reacted with an HRP-labeled secondary antibody.
Immunoreactive proteins were visualized by LAS-1000 (Fuji Film).
Affinity purification of anti-dicalcin antibody-Antidicalcin antibody was immunoaffinity-isolated from an antiserum using dicalcin-Sepharose. Preparation of dicalcin-Sepharose was perfomed as described previously (16) . Jelly extract was prepared as described elsewhere 
Immunohistochemistry-A Xenopus
Isolation and fluorescently labeling of gp41-gp41
was isolated under continuously eluted SDS-PAGE using a Mini Prep Cell (Bio-Rad) as previously described elsewhere (8) . Briefly, heat solubilized VE proteins were loaded onto a PAGE gel, and run with a constant current. Fractions were collected every 10 min with a flow rate of 60 µL/min. Fractions containing gp41 were analyzed by silver staining and pooled. Isolated gp41 was labeled with a fluorescent dye, tetra-methylcarboxyrhodamine (TMR)
according to a manufacture's manual (protein labeling kit from MF 20 system; Olympus, Tokyo, Japan) and dialyzed against TBS. coupling buffer with a pH of 7.5 was found to be also applicable to label VE proteins (Fig.S1 in the supplemental data), and therefore we adopted the pH of 7.5 for coupling in our assay as a more physiological condition.
Fluorescent correlation spectroscopy (FCS) analysis-
6
Animal care-All animal experiments were approved and in accordance with the animal care committee's guidelines at Toho University.
Statistical Analyses-Data are presented as mean±SEM otherwise indicated. The variables between two groups were analyzed using the Student t test.
RESULTS
Ca
2+ -binding Activity of Xenopus Dicalcin-
We first examined the protein chemistry of dicalcin for Ca
2+
-binding ( 
Localization of Dicalcin in Xenopus Egg-
By using specific antibody against dicalcin ( http://www.jbc.org/ Downloaded from molecular mass after deglycosylation was larger in gp41 than in gp37, which is consistent with the notion that gp41 has as much as ~70% of total glycans in the VE glycoproteins (11) . Our lectin blot showed that Ricinus Communis agglutinin I (RCAI) reacted solely with native gp41 but not with its TFMS-treated, deglycosylated form nor gp37
(middle, Fig. 3C ). Our blot overlay analysis using deglycosylated VE proteins showed that dicalcin bound to ~36 kDa proteins (lower, Fig. 3C ).
Accordingly, these results indicate that dicalcin is likely to bind to protein cores of gp41 and gp37.
Inhibitory Effect of Dicalcin on fertilization processes-
In a currently favored model of Xenopus sperm-egg interaction, acrosome-intact sperm bind to gp41 and gp69/64, and undergo acrosome-reaction which enables sperm to penetrate the VE (28). Major sperm binding activity has been shown to resides in the complex N-linked oligosaccharides of gp41 (8) . In addition, a combination of gp37, gp41 and gp69/64 as a whole is suggested to maximize sperm-binding, implying that gp37 serves to reinforce sperm-binding to VE as an essential structural component of VE filaments (8) . Since dicalcin binds to both gp37 and gp41 in the VE, we hypothesized that dicalcin affects the processes of sperm-egg interaction such as sperm binding to the VE and/or sperm penetration through the VE. To examine this, we first investigated the sperm-egg binding in vitro after preincubation of dejellied eggs either with BSA or anti-dicalcin antibody (50 mg/L). The antibody slightly increased the number of bound sperm, although the extent is small (~115% of control; n=9, p=0.027) (Fig. 4B ). In contrast, preincubation with recombinant dicalcin decreased the number of bound sperm (~77% of control at 4 µM; n=9, p=0.003) (Fig. 4C) . In parallel, these findings were confirmed by confocal observations of the intensity of Hoechst-stained sperm bound to an egg (data not shown). Next, to evaluate the effect of dicalcin on penetration through the VE, we developed an in vitro penetration assay method, where sperm were placed on a VE protein layer lying on a polycarbonate filter (pore size:74 µm) at the bottom of a polystyrene upper chamber (Fig. 4D) . At the indicated time of incubation, we counted the number of sperm that penetrated through the VE protein layer and infiltrated the lower chamber. The extent of penetration reached to maximum around 10 min (Fig.  4F) . Pretreatment of VE with dicalcin (4 µM)
significantly impaired the efficiency of sperm penetration 5 minutes after placement of sperm (~50% of control at 4 µM; n=6, p=0.039) (Fig. 4G ).
Based on the above findings, we examined the effect of dicalcin on fertilization in vitro.
Preincubation with anti-dicalcin antibody surprisingly increased the efficiency up to ~208% of control (n=6, p=0.0074) (Fig. 5A ). Since anti-dicalcin antibody significantly blocked the binding of dicalcin to both gp41 and gp37 (Fig. 3B) , preincubation with antibody is likely to neutralize the action of native dicalcin. Oppositely, preincubation with recombinant dicalcin inhibited the efficiency of fertilization in a dose-dependent manner (Fig. 5B) . In particular, preincubation of dicalcin at a concentration of 4 µM inhibited fertilization almost completely (~14% of control; n=6, p=7.2x10 -5 ). Addition of antibody (50 mg/L) in the presence of 0.4 µM dicalcin cancelled this inhibitory action (+Anti-dica in Fig. 5B ). Preincubation of EGTA (16µM), equivalent to the amount of bound Ca 2+ to dicalcin (4µM), exerted no effect, which indicated that this inhibitory effect is not due to its Ca 2+ buffering ability but its action as a protein (EGTA in Fig. 5B ). Preincubation of sperm with dicalcin (4µM) had no effects, indicating that dicalcin acts on an egg, not on sperm (Fig. 5C ).
Taken together, these results strongly suggested that dicalcin dampens both of sperm-binding and sperm- while RCAI solely reacted with gp41, one of targets of dicalcin, in our lectin blot analysis (Fig. 6A) . This reactivity disappeared when RCAI was preabsorbed with VE proteins (not shown). When RCAI-staining signals were quantified across the VE by line scan analyses, pretreatment of dicalcin increased the peak RCAI-signal to ~120% of control in the outermost region of VE (Fig. 6C) . Furthermore, when the signal was detected under higher-gain, surprisingly, it was revealed that pretreatment of dicalcin significantly broadened the RCAI-reactive zone (Fig.   6D ) and disclosed the clear RCAI-signal at the interface between VE and egg plasma membrane (arrows; Fig. 6B,D) . Since RCAI reacted neither with BSA nor dicalcin (Fig. 6E) , these results indicated that pretreatment of dicalcin increases RCAI-reactivity of gp41 in the VE.
Mechanisms Underlying Dicalcin-dependent Regulation of Distribution of Oligosaccharides in the Vitelline Envelope-
How is the above alteration in RCAI reactivity brought about by exogenous dicalcin? We hypothesized two models: one is "glycoprotein" model and the other is "VE structure" model, although these two models are not mutually exclusive. In our "glycoprotein" model, dicalcin binds to gp41 and induces allosteric conformational change of gp41 molecule, increasing its RCAI reactivity. In our "VE structure" model, dicalcin binds to gp41 as well as gp37, and induce changes in the three-dimensional structure of filamentous network of VE (32), increasing the accessibility of macromolecules such as RCAI within the VE. To verify the first scenario, we examined the increased binding ability of gp41 to RCAI by blot overlay and fluorescent correlation spectroscopy (FCS) analyses.
In blot overlay analysis, blots of VE proteins were preincubated either in the presence or absence of dicalcin and Ca
2+
, followed by incubation of RCAI.
The amount of bound RCAI was significantly increased in the presence of dicalcin (4 µM) and Ca (Fig. 7D) . Accordingly, both solid-phase (blot overlay analysis) and liquid-phase (FCS analysis) analyses indicate that the dicalcin-bound gp41 has a more ability to bind to RCAI, which supports our "glycoprotein" model. Next, to verify "VE structure" model, we quantitatively assessed dicalcin-dependent structural change in the VE by in vivo labeling with fluorescent dye (Fig. 8A ).
Extracellularly applied fluorescent dye, Cy5, successfully labeled each of VE proteins (Fig. S1 in the supplemental data). This commercially prepared dye is validated to couple one molecule of Cy5 with one molecule of protein at a low dye-to-protein ratio (less than 1%, see manufacture's manual), and therefore the amount of fluorescence virtually reflects the number of labeled protein. Preincubation of VE with dicalcin (4 µM) resulted in significantly greater Cy5-incorporation in each of four major VE proteins compared to control (Fig. 8B) . Calculated ratio of labeled protein to VE-existed protein increased to approximately twice of control (180-240% of control; n=8-10; p= 0.002-0.02) (Fig. 8C) . Intriguingly, these increases occurred in every VE protein, not solely in gp37 nor gp41, which indicates that dicalcin-bindings to gp37 and gp41 cause changes in the three-dimensional structure of the entire VE framework, allowing every VE protein to be more accessible to the solvent. Additionally, this change may also involve geometrical arrangement of gp41 where gp41 molecules reside in the close proximity and form the clusters of their glycans.
Since a lectin generally exhibits a high affinity with glycans in clusters, this arrangement could account for dicalcin-dependent increase in RCAI-reactivity of VE. We discussed possible molecular details regarding dicalcin's action below.
DISCUSSION
In our present study, we found that dicalcin is localized prominently in the Xenopus VE, an extracellular matrix that surrounds an egg, as well as intracellular cytoplasm in the cortex region of an egg (Fig. 2C) . In the VE, dicalcin binds to protein cores of gp41 and gp37, constituents of the filamentous network of the VE (Fig. 3) , raising the interesting possibility that dicalcin affects the fertilization processes. Actually, dicalcin dampens both of sperm binding and sperm penetration, exerting a crucial role in the regulation of the fertilization (Figs. 4,5 ). Fertilization processes are considered to involve oligosaccharide-mediated events, though exact mechanism remains elusive. We discovered that dicalcin alters the distribution of oligosaccharides within the VE, correlating its suppressive action on fertilization (Fig. 6 ). This alteration is possibly a consequence of two mutually compatible mechanisms: one is brought about by the increase in binding ability of gp41 to RCAI (Fig. 7A,D ; referred to as "glycoprotein" model), and the other is the structural change of the entire VE ( Fig. 8C ; refered to as "VE structure" model). We tentatively propose molecular details of both models (for schematic models see Fig. 9 ). In our "glycoprotein" model, proteins on the upper chamber were pretreated either with dicalcin (4 µM) or BSA (4 µM) for 15min, followed by sperm placement. After 5 min, sperm in the lower chamber were collected and the number of the penetrated sperm was calculated. The extent of penetration pretreated with BSA was set to ~100% (n=6; *, p=0.039). BSA, pretreated with BSA; dicalcin, pretreated with dicalcin. Ovulated eggs were inseminated with sperm (SP) that were preincubated with dicalcin (Dica). As a control, eggs were pretreated with BSA (BSA) similarly as described above and inseminated with sperm. E, neither BSA nor dicalcin reacted with RCAI. CBB, CBB-staining of BSA and dicalcin after SDS-PAGE; RCAI, RCAI-blot.
FIGURE 7.
Dicalcin-binding to gp41 increases the reactivity of gp41 with RCAI.
A, blots of VE proteins were preincubated in the presence or absence of dicalcin and Ca highest ratio for gp120, when preincubated with dicalcin, was set to 100% in each trial and data were normalized. BSA, preincubated with BSA; Dicalcin, preincubated with dicalcin (n=8-10; *, p<0.02; **, p=0.002).
FIGURE 9.
Schematic models of dicalcin's inhibitory action on fertilization in Xenopus laevis.
A, "glycoprotein" model that involves allosteric conformational change of gp41 caused by dicalcin.
In a currently favored model in Xenopus egg, acrosome-intact sperm bind to gp41 (an frog orthologue of mouse ZP3; a major binding-partner of sperm) and gp69/64 (an orthologue of mouse ZP2) via carbohydrate moieties (sperm-receptors). After acrosome-reaction, sperm penetrate through the VE and fuse with an egg (depicted in '-Dicalcin'). Ca
2+
-bound form of dicalcin binds to gp41
(and gp37 additionally), leading to a conformational change that could cause an exposure of RCAIligands. This allosteric change in the configuration of oligosaccharides may mask sperm-receptors, forming functional 'barrier' to prevent sperm-binding, penetration and fusion (depicted in '+Dicalcin'). AH:animal hemisphere, VH:vegetal hemisphere.
B, "VE structure" model that involves structural change in the VE framework caused by dicalcin. 
